AbstrAct
IntroductIon
Gastric cancer (GC) is the fourth most common malignancy and the second leading cause of cancer mortality worldwide [1] . The risk of developing GC can be influenced by interactions between the host and environmental factors [1] . Helicobacter pylori infection is the principle risk factor for the development of chronic gastric inflammation that progresses to GC [2] [3] .
However, the precise roles and underlying mechanisms of inflammatory components in disease progression are poorly understood.
The immune microenvironment in tumor tissues is highly organized at molecular and cellular levels. It can exhibit pro-or antitumor properties depending on the context of immune response [4] [5] [6] [7] . Macrophages (Mφs) constitute a major component of immune cell infiltrates in nearly all tumors [8] [9] . Studies have demonstrated that they could promote tumor angiogenesis, metastasis and induce T cell differentiation and activation through the production of cytokines [10] [11] [12] [13] [14] [15] . Our group and others have reported that a high number of infiltrating Mφs could be correlated with both favorable and poor prognoses in different tumor types [11] [12] [13] [14] [15] [16] [17] [18] [19] . The interleukin-17 family is a subset of cytokines consisting of IL-17A-F that play crucial roles in autoimmune disease and tumor progression [20] . IL-17A is the most studied member of the IL-17 family in human tumors and has multiple cellular sources, including T cells, Mφs and mast cells [20] [21] . Our earlier studies found that intra-tumoral IL-17A-producing T cells (Th17) could promote tumor progression by fostering angiogenesis in hepatocellular carcinoma [11] ; whereas, mast cells expressing IL-17A in the muscularis propria predicted a favorable prognosis in esophageal squamous cell carcinoma [22] . The activated status of Mφ and the nature of IL-17-expressing cells may account for these paradoxes.
IL-25 (also known as IL-17E) is a newly identified member of the IL-17 family. It is produced in multiple cell types, including mast cells, alveolar Mφs, eosinophils and epithelial cells [23] [24] [25] [26] . Reports have shown that IL-25 was a potent regulator of inflammation, contributing to allergic inflammation and protection against parasitic infection [23, [27] [28] [29] . IL-25 has also been implicated in tumor progression and was shown to inhibit the growth of various transplanted tumors in nude mouse models, and normal mammary epithelial-cell derived IL-25 exhibited cytotoxic activity in tumor cells [30] [31] .
The characterization of inflammatory components in tumor progression would contribute to our understanding of the mechanisms involved. Although previous data has suggested a potential role for IL-25 in the progression of GC [30] , the nature and underlying mechanisms remain largely unknown. Therefore, the aim of this study was to examine the cellular source, distribution, clinical significance and potential role of IL-25 as a prognostic marker in GC in situ.
results

Il-25 + Mφs are enriched in gastric cancer tumor tissues
To evaluate the potential role of IL-25 in tumor immunopathology, we first investigated its expression pattern in GC tissues. The presence of IL-25 protein was visualized by immunohistochemical staining in paired non-tumoral (NT) and intra-tumoral (IT) regions within 55 paraffin-embedded GC tissues. Although + cells were present throughout both tissue types ( Figure 1A and 1B), they were more predominant in IT tissue (IT, 197.7 ± 28.0 cells/mm 2 ; NT, 57.7 ± 6.9 cells/mm 2 ; p < 0.001; Figure 1C ). Immunohistochemical staining levels were highest in the cytoplasm of stromal cells but were also observed in the cytoplasm of epithelial cells ( Figure 1A and 1B). In addition, the IL-25 + stromal cells displayed irregular cell morphology and a high volume of cytoplasm ( Figure 1B ), suggesting they were Mφ-like cells. To test this hypothesis, double immunofluorescence was performed to identify the cellular source of IL-25 in GC tissues. Confocal microscopic analysis showed that most of the IL-25 + cells in both the NT and IT regions of GC tissues expressed the pan-Mφ marker CD68 (Figure 2A Figure 2B and 2C, respectively) . Subsequent analysis showed that CD68 + Mφs were the principle producers of IL-25 in both IT and NT regions in GC tissues (IT, 80.6 ± 2.1%; NT, 68.3 ± 4.1%; p < 0.05; Figure 2D ). In addition, the proportion of IL-25 + CD68 + Mφs relative to the total number of Mφs was significantly higher in the IT region compared to the NT region (IT, 72.7 ± 2.5%; NT, 39.4 ± 3.6%; p < 0.001; Figure 2E ). Studies in mouse models have shown that IL-25 was produced by T cells and mast cells [25, 32] . Therefore, we performed double color immunofluorescence for IL-25 using the T cell marker CD3 and the mast cell-specific enzyme tryptase (TRY). The findings showed that only a minority of IL-25 + cells were produced by T cells in both the IT and NT regions ( IT, 0.82 ± 0.47%; NT, 0.45 ± 0.40%; Supplementary Figure 2A 
TGF-β1 promotes production of IL-25 in macrophages in vitro
Transforming growth factor-β1 (TGF-β1) has been shown to be produced by both cancer and stromal cells in tumor tissues [33] , and to positively regulate IL-25 in the human gut [34] . Therefore, we investigated the function of TGF-β1 in the production of IL-25 in GC tissue by examining freshly isolated monocytes and differentiated Mφs that had been cultured in the presence of recombinant human (rh) TGF-β1 or tumor culture supernatant (TSN) prepared from a gastric cancer cell line SGC7901. Mφs cultured in medium alone were used as controls. Flow cytometric analysis revealed that both rhTGF-β1 and TSN could effectively stimulate the production of IL-25 in Mφs ( Figure 3A ). However, cell immunofluorescence showed that only control Mφs, and not freshly isolated monocytes, produced IL-25. This effect was markedly upregulated by TGF-β1 and TSN ( Figure 3B ). Further analysis by western blotting showed that TGF-β1 stimulated IL-25 expression in Mφs in a dose-dependent manner ( Figure 3C ). In contrast, blocking TGF-β1 prior to culture effectively inhibited the upregulation of IL-25 protein in TSN-treated Mφs ( Figure 3D ). Collectively, these findings indicated that TGF-β1 induced IL-25 expression in Mφs in vitro.
A high density of intra-tumoral IL-25 + cells is positively correlated with favorable survival in gastric cancer
To determine the potential role of tumor-infiltrating IL-25
+ cells in the progression of GC, 106 patients who had undergone radical resection for GC were divided into high and low IL- 25- Kaplan-Meier survival analysis showed a positive association between the density of IL-25
cells and overall survival (OS) in patients with GC: patients with a high density had longer median OS than those with a low density (102.3 vs. 41.8 months, respectively; p = 0.008; Figure 4A ). The 5-year OS rate was also increased in patients with a high density of IL-25 + IT cells (67.9%) compared to those with a low density (39.1%). In contrast, there was no correlation between the density of IL-25 + cells in the NT region and OS (p = 0.362; Figure 4B ). Moreover, the density of IL-25
cells was positively associated with histological grade (p < 0.001; Supplementary Table 1) . We performed multivariate analysis to identify significant independent prognostic indicators of OS in patients with GC. Following the suggestion of Salama et al [36] , tumor depth and lymph node metastasis were not included in the multivariate model as both these variables were considered to influence TNM stage; however, all other significant clinicopathologic variables identified by univariate analysis were adopted as covariates ( Table 2 ). The results revealed that the density of IL-25
cells (HR = 0.5; 95% CI, 0.3-0.9; p = 0.024), tumor location (HR = 0.5; 95% CI, 0.3-0.9; p = 0.016) and TNM stage (HR = 3.7; 95% CI, 1.9-7.1; p < 0.001) were independent prognostic factors for OS in patients with GC. Together, these results indicated that IL-25 + cells inhibited tumor progression was a predictor of favorable survival in patients with GC.
Il-25 + cells are positively associated with effector immune cells in gastric cancer tissue
We examined the expression of IL-25 receptor (IL-25R) in GC tissues to identify potential cellular targets of IL-25. Immunohistochemical staining showed that IL-25R was widely expressed in both tumor cells and stromal cells (Figure 5A and 5B Figure 5C and Supplementary Figure 4) . The results showed that the density of IL-25
cells was positively correlated with those of other T-cell subtypes, including CD4 + T cells and CD8 + T cells (r = 0.515 and r = 0.697, respectively; p < 0.01; Figure 5D ) and CD103
+ T cells and Foxp3
+ T cells (r = 0.670 and r = 0.457, respectively; p < 0.01; Supplementary Figure 4) . These findings suggested that the antitumor immune activity of IL-25 in GC might be mediated through the regulation of effector immune cells in the tumor tissues.
dIscussIon
Although there has been substantial evidence to suggest that IL-25 plays critical roles in the regulation of type-2 immune responses against parasitic infections and allergic diseases [20, [27] [28] , its role in tumor progression remains largely unknown. In this study, we demonstrated that Mφs, as opposed to T cells and mast cells, were the predominant producers of IL-25 in GC in situ. The density of IL-25 + cells in GC tumor tissues was associated with histological grade and could serve as a predictor of favorable prognosis in patients with GC. Investigations into the potential mechanisms showed that production of IL-25 in TSN-treated Mφs was regulated by TGF-β1 and was positively associated with effector immune cells in GC tumor tissue. These findings suggested that tumor-infiltrating [20] . IL-25 mRNA was first reported to be expressed by highly polarized Th2 cells and later by IgE-cross-linking mast cells [32, 37] . However, our investigations found that only a minority of all IL-25-expressing cells were located in T cells and mast cells in GC tissues, and that IL-25 predominately colocalized with Mφs-specific markers (CD68, CD14 and CD163). Statistical analysis indicated that > 70% of Mφs in the IT region of GC tissues expressed IL-25. These findings indicate that tumor-associated Mφs (TAM), but not T cells and mast cells, were the predominant producers of IL-25 in GC tissues in situ. This is consistent with previous studies that IL-25 was produced by alveolar Mφs in a rat model and subepithelial macrophage-like cells in the human gut [24, 38] .
Histological grade (III + other vs. I + II)
0.9 (0. CD206 and CD11c are reported markers of immunosuppressive and proinflammatory Mφs, respectively [35] . Our results demonstrated that IL-25 + Mφs expressed CD206 but not CD11c in GC tissues, suggesting they exhibited an immunosuppressive phenotype in situ. Consistent with this observation, rhTGF-β1 significantly upregulated IL-25 in Mφs in a dose-dependent manner; in contrast, blockage of TGF-β1 abrogated this effect. It is recognized that Mφs perform different functions depending on the context of immune response within a tumor [39] [40] . Despite the facts that TAM acquires a tumor-promoting immunosuppressive phenotype are reported [8, 39] , our previous study has shown that a high density of Mφs concomitant with a high density of regulatory T cells (Tregs) was associated with prolonged survival in GC patients [17] . Moreover, a high level of serum TGF-β1 has shown to predict good survival in patients with GC [41] . These reports supported our observation that the density of IL-25 + cells in the IT region served as an independent predictor for prolonged survival in patients with GC; whereas, a similar effect was not observed in the NT region. In combination, these results suggested that IL-25
+
Mφs with an immunosuppressive phenotype might possess antitumor properties in a GC microenvironment. This was in agreement with a study that showed M2-type chemokine CCL18 was expressed in a subset of tumor-infiltrating Mφs and that its level was associated with prolonged survival in GC patients [42] .
Despite its reported antitumor effects, the molecular mechanism of IL-25 + cells in GC remains unclear. The biological actions of IL-25 in target cells require the expression of its receptor, IL-25R. Studies in human breast cancer have found that upregulation of IL-25R was greater in tumor cells compared to that in nonmalignant cells. In addition, IL-25 exhibited potent cytotoxic activity against breast cancer cells via IL-25R signaling pathways [31] . Although our study has indicated that GC tumor cells might express IL-25R in situ, and that both T cells and Mφs expressed IL-25R in GC tissue; we did not observe cytotoxic activity in vitro using recombinant human IL-25 in GC cell lines (data not shown). Therefore, this hypothesis will require further investigations.
It has been suggested that specific cytokines might remodel a tumor microenvironment that favors tumor eradication by regulating the recruitment and activation of other effector immune cells [22, [43] [44] [45] . Studies have also found that immune cell infiltration within the tumor microenvironment was associated with favorable outcome in patients with GC [17, 46] , and that the antitumor activity of IL-25 in tumor-bearing mouse models stimulated the infiltration of eosinophils into tumor site and activation of B cells [30, 47] . In agreement with these reports, we found that IL-25 In summary, we have shown that IL-25 was predominantly produced by tumor-infiltrating Mφs in the IT region of GC in situ and was regulated by TGF-β1 in vitro. Furthermore, IL-25 expression was positively associated with effector immune cells in GC and served as an independent predictor of favorable prognosis in patients with GC. Elucidating the mechanisms that selectively modulate expression of IL-25 may offer a potential strategy for the development of anticancer therapies in GC.
MAterIAls And MetHods
Patients and specimens
Tissue specimens were obtained from 106 patients with pathologically confirmed gastric cancer (GC) who had undergone radical resection at the Sun Yat-sen University Cancer Center between July 1998 and December 2003. The tissue specimens were collected immediately after surgical resection and formalin fixed and paraffin-embedded (FFPE). None of the patients had distant metastasis or had undergone any neoadjuvant therapies prior to surgery. The clinicopathological characteristics of the patients are summarized in Table 1 . Clinical stages were defined according to the tumornodes-metastasis (TNM) cancer staging system of the Union for International Cancer Control (UICC; 6th Edition, 2002). All specimens were anonymously coded in accordance with local ethical guidelines (as stipulated by the Declaration of Helsinki) and written informed consent had been obtained from the patients. The protocol was approved by the Review Board of Sun Yat-sen University Cancer Center.
Patients' follow-up data were obtained by the Cancer Center Tumor Registry, as described in previously reports [17, 22] . Of the 106 patients examined, 55 (51.9%) had died as a direct result of GC before the end of the follow-up period. Overall survival (OS) was defined as the interval between the date of surgery and the date of death or last follow-up. The range of OS was 2.6-151.5 months and the 1-, 3-, 5-and 10-year OS rates were 87.7%, 63.2%, 57.5% and 48.7%, respectively.
Immunohistochemistry and immunofluorescence
FFPE tissue specimens taken from the advancing edge of the primary tumor were used for evaluation. Immunohistochemical staining of 5-μm-sections was carried out using a two-step protocol as previously described [17] . (Santa Cruz Biotechnology; Santa Cruz, CA, USA). The sections were stained using an Envision system (Dako; Carpinteria, CA, USA) as previously described [17] . Double immunofluorescent staining was carried out as previously described [22] . Briefly, FFPE sections were incubated at 4°C overnight with the following primary antibodies: mouse anti-human IL-25 (1:500; R & D Systems), IL-25R (1:200; LifeSpan Biosciences), rabbit anti-human CD3 (1:100; Thermo Fisher Scientific), CD68 (1:100; Santa Cruz Biotechnology), Tryptase (1:1000; Santa Cruz Biotechnology), CD14 (1:50; Zhongshan Biotechnology; Beijing, China) or CD163 (1:200; Epitomics; Burlingame, CA, USA). The sections were then incubated for 30 min at 37°C with a mixture of primary-antibodymatched fluorescently labeled secondary antibodies (1:500; Invitrogen; Carlsbad, CA, USA).
Cell immunofluorescence was performed by incubating fixed, permeabilized monocytes or Mφs with anti-IL-25 antibody, followed by a fluorescently labeled secondary antibody. Negative controls were generated by replacing primary antibodies with isotype-matched antibodies. Images were captured and analyzed using an FV10-ASW 1.7 Viewer (Olympus).
Evaluation of immunohistology
To evaluate the densities of IL-25
CD103
+ and Foxp3 + cells, areas of intra-tumor (IT) and nontumor (NT) tissue sections were screened by microscopy at low magnification (× 100); five representative spot images were then selected and captured at × 200 magnification using a computerized system that included a Digital Sight DS-Fi1 camera installed on a Nikon Eclipse 80i light microscope (Nikon). Cells that were stained positive were automatically counted using inForm image analysis software (Perkin-Elmer Applied Biosystems; Hopkinton, MA, USA) [48] . Cell numbers were expressed as mean ± SEM per mm 2 .
Quantification of immunofluorescence
Quantification was carried out as previously described [22] 
Preparation of tumor culture supernatant
Human gastric cancer cell line (SGC7901) was obtained from the American Type Culture Collection (ATCC; Rockville, MD, USA). Cells were maintained in DMEM medium supplemented with 10% FBS (Gibco; Carlsbad, CA, USA). Preparation of tumor culture supernatant (TSN) was performed as previously described [13] .
Isolation and culture of human monocytes
Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats acquired from healthy donors using a Ficoll density gradient as previously described [13] . The monocytes were purified from PBMCs using anti-CD14 magnetic beads (Miltenyi Biotechnology; Surrey, UK) according to the manufacturer's instructions [15] . CD14 + monocytes were cultured for seven days in DMEM supplemented with 10% AB serum in the presence 15% TSN or TGF-β1 (10 ng/mL; R & D Systems) or in medium alone to obtain TSN-treated Mφs, TGF-β1-treated Mφs or control Mφs (Med). TGF-β1-blocking experiments were carried out using cells pretreated for 1 h with a TGF-β1-blocking antibody (R & D Systems) or control IgG before exposure to TSN.
Flow cytometry
Preparation of Mφs for flow cytometry was carried out as previously described [13] . The cells were stained with fluorochrome-conjugated antibodies for IL-25 (R & D Systems) or control antibodies (BD Bioscience; San Jose, CA, USA) before being analyzed by multicolor flow cytometry.
Western blotting
The proteins were extracted following standard protocols as previously described [13] . They were separated by 10% SDS-PAGE prior to immunoblotting with antibodies against IL-25 (1:2000; R & D Systems) or GAPDH (1:5000; Santa Cruz Biotechnology) and then visualized using an ECL kit. Semi-quantitative analysis to determine the expression levels of the proteins was performed using image J software (a public domain, image processing program).
Statistical analysis
Statistical analyses were performed using SPSS v.20.0 software (SPSS Inc.; Chicago, IL, USA). The statistical difference between groups was determined by paired t-test. Cumulative survival time was calculated using the Kaplan-Meier method and analyzed by the log-rank test. Multivariate analysis of prognostic factors for OS was performed using the Cox proportional hazards model. For categorical analysis, the median value was used as a cutoff to dichotomize the continuous variables. Analysis of the association between variables was conducted using Spearman's rank correlation coefficient for continuous variables and χ 2 tests for categorical variables. Two-tailed p < 0.05 was considered statistically significant.
